The Carbohydrate-Active Enzyme (CAZy) database provides a rich set of manually annotated enzymes that degrade, modify, or create glycosidic bonds. Despite rich and invaluable information stored in the database, software tools utilizing this information for annotation of newly sequenced genomes by CAZy families are limited. We have employed two annotation approaches to fill the gap between manually curated highquality protein sequences collected in the CAZy database and the growing number of other protein sequences produced by genome or metagenome sequencing projects. The first approach is based on a similarity search against the entire non-redundant sequences of the CAZy database. The second approach performs annotation using links or correspondences between the CAZy families and protein family domains. The links were discovered using the association rule learning algorithm applied to sequences from the CAZy database. The approaches complement each other and in combination achieved high specificity and sensitivity when cross-evaluated with the manually curated genomes of Clostridium thermocellum ATCC 27405 and Saccharophagus degradans 2-40. The capability of the proposed framework to predict the function of unknown protein domains (DUF) and of hypothetical proteins in the genome of Neurospora crassa is demonstrated.
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Introduction
Carbohydrate-Active Enzymes (CAZymes) participate in many important biological processes including cell wall synthesis, signaling, and energy production. There is a general correlation between the number of glycosidase and glycosyltransferase-related genes and the total number of genes in an organism (Coutinho, P.M., Stam, M., et al. 2003) . Plants produce especially many CAZymes. For example, almost 800 genes encoding such enzymes (>3.3% of all genes) were found in the Arabidopsis thaliana genome (Coutinho, P.M., Stam, M., et al. 2003) . The involvement of CAZymes, glycosidases and glycosyltransferases, in the formation and modification of the wood cell walls makes CAZymes abundant in the woody plants including Populus and Eucalyptus (Geisler-Lee, J., Geisler, M., et al. 2006, Mellerowicz, E.J. and Sundberg, B. 2008 ).
These enzymes are of special interest for studies aiming to reduce the difficulty in hydrolyzing biomass in bioenergy crops (McCann, M.C. and Carpita, N.C. 2008) .
CAZymes involved in the hydrolysis of the glycosidic bond, glycoside hydrolases and carbohydrate-binding modules, are important for the degradation of the complex polysaccharides of the plant cell wall by microorganisms producing biofuel (Lynd, L.R., van Zyl, W.H., et al. 2005) . Thus, all groups of CAZymes have attracted a great attention of the biofuel research. Complex carbohydrate utilization is also of great interest in medical studies and in studies of plant-microbe interactions. Carbohydrates are abundant in diverse environments of higher eukaryotes including humans and plants, and may serve as carbon sources for beneficial or pathogenic microbes in an organisms (Moyrand, at Oak Ridge National Lab/UT-Battelle on August 12, 2011 glycob.oxfordjournals.org Downloaded from Ͷ F., Fontaine, T., et al. 2007) . Therefore, predicting genes encoding proteins involved in complex carbohydrates acquisition and utilization is crucial for characterizing bacterial pathogenic potential, anti-bacterial defense, and the potentially beneficial effects of hostmicrobe interactions.
The Carbohydrate-Active Enzyme (CAZy) database (https//www.cazy.org) (Cantarel, B.L., Coutinho, P.M., et al. 2009 ) is the most comprehensive repository of CAZymes.
The database, through frequent updates, provides rich sets of manually curated information about all groups of CAZymes, including their names, genbank accessions, EC numbers, 3D structure, and taxonomy. This information, when properly utilized, can serve as an invaluable source to identify CAZymes in newly sequenced genomes and classify them. In particular, through an assignment of a CAZy family to a new sequence, the catalytic mechanism of the enzyme, the active site residues and possible substrates can be unveiled. At present, however, CAZy database does not provide a similarity search capability for protein sequences, and furthermore, sequences of interest cannot be directly downloaded. This complicates the use of the database not only for annotation but also for computational analysis of the collected information on CAZymes.
In this study, as an effort to better utilize the CAZy database for systematic annotation, we present the Web-based CAZymes Annotation Tools (CAT). The tools are based on the information collected in the CAZy database, analysis of this information and its supplementation with information from other databases.
In addition to common annotation tools based on a sequence similarity search using uni-directional and bi- (Boraston A.B., Bolam D.N., et al. 2004) . It is believed that the presence of CBMs in the structure of the CAZymes is important to target appended catalytic domains to the polysaccharide; change its conformation, packing and the surface structure (Shoseyov, O., Shani, Z., et al. 2006 Table 1 ).
The CAZy reference set of sequences was used as the target of this learning algorithm, which is described in the Methods section in more detail.
The analysis produced 1,052 rules with the level of support from 5 to 13,442 and with the level of confidence >= 0.8. After removal of redundant rules (those producing the same annotations), we generated 104 non-redundant rules with support >= 40 and confidence >= 0.84 (Supplementary Table 1 ). These rules are used to assign CAZy families to a new sequence given the Pfam annotations of the sequence. The confidence and support of a rule denote an expected accuracy of the rule and the number of sequences that satisfy the rules (for details, please refer the Method section).
Evaluation of the of CAZy family assignments
Evaluation of the proposed annotation methods was conducted with two test genomes: Its specificity is close to 100%, i.e. it does not produce false CAZy family assignments.
The search, however, is not very sensitive. Its sensitivity is about 60%. It means that more than 1/3 of the CAZymes were not identified by the similarity search. The Pfam based annotation ( Fig. 2 ) is more sensitive and identifies more than 80% of CAZymes in the genome, but it is not as accurate as the similarity search. Thus, the combination of the Pfam based annotation with the direct similarity search may provide an optimal balance of specificity and sensitivity for CAZy family assignment.
CAZymes Analysis Toolkit (CAT)
We have developed a Web-based interface 1) for an automatic assignment of CAZy families to new sequences using the proposed algorithms and 2) for an advanced search CAT provides a diverse set of search options. "CAZymes Search" allows users to browse the CAZy reference set by enzyme, organism, taxonomic group, and CAZy families or any combination of these. For example, a specific product name or activity such as "xylanase" or "endo-1,4-beta glucanase" can be used to specify a search. For a broader search, like "Eukaryotae", the search will return a list of Eukaryotic sequences in the reference set. The search results are supplemented with the product name, taxonomic information downloaded from Genbank and by Pfam domain annotation produced as described in Methods.
"Associations search" in CAT provide a way to search the CAZy reference set in terms of associations between CAZy families. A single protein may be annotated with several CAZy families. Carbohydrate binding domain "CBM48", for example, is often found with glycoside hydrolase "GH13" in a number of bacterial proteins. CAT provides an Figure 3 a, which is generated using CAT, demonstrates that the domain is located in the center of the enzyme and accounts for more than 50% of its length. According to a description of the family, the domain likely represents alpha α- This information provides additional evidence to the link between CE6 and DUF303.
Predicting functions for hypothetical proteins
The applicability of CAT to predict function of hypothetical proteins is demonstrated by annotation of the Neurospora crassa genome using CAT. Table 7 ).
Discussion
The domains and CAZy families inferred by the association rules. The approach is more sensitive than the similarity search and can predict more than 80% of CAZymes with specificity 80-90%. In this study we infer links between Pfam domains and CAZy families for the Pfam based annotation using a novel approach based on the association rules learning (Agrawal, R. and Shafer, J.C. 1996, Sriphaew, K. and Theeramunkong, T. 2004 ). This data mining technique finds causal relations among a set of variables in large datasets and has been applied for analysis of some biological datasets mainly produced by microarrays (Martinez, R., Pasquier, N., et al. 2008 , Nam, H., Lee, K., et al. 2009 ).
An association rule identifies two groups of variables (in our case they are CAZy families and Pfam domains) where an occurrence of one implies an occurrence of the other. Such a rule is produced by examining co-occurrence patterns of variables in a large dataset, which is the CAZy reference set of sequences in our case. Although the technique gives statistical measures to characterize the scope (support) and the precision (confidence) of a rule, there are no widely accepted approaches to find thresholds for the measures. By changing the thresholds we can change the number of inferred rules and, in our case, the (at the C-terminus), which is an automatically generated protein family. Extracting the sequences and their annotations using the Pfam interface, we can see that they belong to putative uncharacterized bacterial proteins from UniProt. Considering the association of DUF303 with CE6, we can suggest that these proteins may represent a new architecture In conclusion, analysis and processing of the data downloaded from the CAZy database allowed us to develop a set of tools for CAZymes annotation, search and query. Using the association rule learning algorithm we have discovered many conserved rules between CAZy families and Pfam domains, which are very powerful for assigning new proteins to CAZy families. To the best of our knowledge, this is the first study that has systematically explored rules underlying domain architecture of the carbohydrate active enzymes.
Methods
Obtaining data from the CAZy database
The information content of each CAZy family is directly extracted from its HTML pages, and populated into the local database. The HTML pages obtained through a GET request for a family are parsed to associate the family with the Genbank accession number, related CAZy families, known activities, EC numbers, and available cross references to other databases including UniProt (Consortium, T.U. 2009) Pfam (Finn, R.D., Tate, J., et al. 2008) and PDB (Kirchmair, J., Markt, P., et al. 2008 redundancies by keeping only the latest submission each sequence to Genbank. This set of unique sequences is used as the reference set for the similarity search and will be further referred as the CAZy reference set.
Similarity search algorithms
The search algorithm compares a query protein sequence or a set of sequences with the CAZy reference set of sequences using either uni-directional or bi-directional BLASTp program (Altschul, S.F., Madden, T.L., et al. 1997 ) with specified parameters. A BLAST search compares a query sequence with the target sequences, producing a list of similar sequences. With uni-directional approach, sequence S t with the best bit-score is selected as the best hit target sequence for query sequence S q (Note S t can be a set of sequences).
With bi-directional approach, S q should also be the best hit target sequence for S t . Thus a bi-directional BLAST search is typically applied when the best reciprocally similar pairs between the query and target sets are desired. The query and the reference sequence in such a pair are considered as an orthologous pair. The pair will be given as output of the BBH algorithm. Both algorithms were implemented using Perl script. 
Protein family annotation of the protein sequences
Finding conserved associations between CAZy families and Pfam domains using the association rules
An association rule denotes an interesting relation between variables in a large data (Agrawal, R. and Shafer, J.C. 1996, Sriphaew, K. and Theeramunkong, T. 2004 its Pfam annotation together with the CAZy family assignments are created. These lists of augmented annotations, which are often called transaction records in data mining community, are then analyzed to infer the rules described above.
Evaluation of the CAZy family assignment
CAZy family annotations of two genomes, Clostridium thermocellum ATCC 27405 and 
